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FIRST QUARTER SECOND YEAR PROGRESS REPORT

This report covers technical progress during the first quarter of the second year of NASA

Sun-Earth Connections Theory Program (SECTP) contract "The Structure and Dynamics of

the Solar Corona and Inner Heliosphere," NAS5-99188, between NASA and Science

Applications International Corporation, and covers the period August 16, 2000 to December 15,

2000. Under this contract SAIC and the University of California, Irvine (UCI) have conducted

research into theoretical modeling of active regions, the solar corona, and the inner heliosphere,

using the MHD model.

The renewal of Option 2 of this contract (which renewed Year 2 of the contract from

8/16/2000 until 8/15/2001), was delayed due to contracting delays at NASA. The renewal was

not received until November 27, 2000. As a consequence, the progress reported in this

"'quarterly" report includes a four-month period, rather than the customary three-month

period. The actual funded time period during this time was from November 27, 2000 to

December 15, 2000.

In the following sections we summarize our progress during this reporting period. Full

descriptions of our work can be found in the cited publications, a few of which are attached to

this report.

Publication on the Magnetic Field Topology in Prominences

The paper "Magnetic Field Topology and Modeling of Loops in Prominences," by R.

Lionello, Z. Miki6, J. A. Linker, and T. Amari, has been submitted for publication in The

Astrophysical Journal Letters. We present a computational model of the magnetic field lines in

a prominence. We describe how the process of flux dispersal and cancellation in a realistic

configuration can lead to the formation of a stable flux rope structure. The flux rope fulfills

several theoretical and observational constraints associated with prominences: twist, shear along

the neutral line, and dips. We have performed 1D hydrodynamic simulations along selected

field lines in the final state to show that the flux rope can support cold and dense material that is

characteristic of a prominence. The referee's comments have been received, and the paper is

currently being revised for resubmission. This paper is included in Appendix A.

Publication on an Empirically-Driven Global MHD Model of the Solar Corona and

Inner Heliosphere

The paper "An Empirically-Driven Global MHD Model of the Solar Corona and Inner

Heliosphere," by P. Riley, J. A. Linker, and Z. Mikir, has been submitted for publication in

Journal of Geophysical Research. We have developed a three-dimensional MHD model of the

solar corona and heliosphere. We split the modeling region into two distinct parts: the solar

corona (1 solar radius, Rs, to 30 Rs) and the inner heliosphere (30 Rs to 5 AU). This combined

model is driven solely by the observed line-of-sight photospheric magnetic field and can thus

provide a realistic global picture of the corona and heliosphere for specific time periods of
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interest. We have used the model to illustrate heliospheric structure during three different

phases of the solar cycle: (1) Carfington Rotation (CR) 1913 (August 22, 1996--September 18,

1996), which occurred near solar minimum and overlapped the "Whole Sun Month"

campaign; (2) CR 1892 (January 27, 1995-February 23, 1995), which occurred during the

declining phase of cycle 22 and coincided with the so-called "Ulysses rapid latitude scan"; and

(3) CR 1947 (March 7, 1999-April 4, 1999), which occurred approximately 15 months before

the predicted maximum of solar cycle 23. We compared Ulysses and WIND observations with

the simulation for CR 1913 and compared Ulysses observations during its traversal from pole to

pole with CR1892. We found that the simulations reproduce the overall large-scale features of

the observations. Using the near solar maximum results, we have speculated on the structure of

the high-latitude solar wind that Ulysses will encounter during its traversal of the southern and

northern solar poles in 2000 and 2001, respectively. In particular, the results suggested that,

due to the presence of equatorial coronal holes, the ordered pattern of CIR tilts and their

associated shocks, which was observed during Ulysses initial southward excursion in 1992, will

likely disappear completely as Ulysses moves toward the south pole. We anticipate that

Ulysses will encounter fast streams but will not remain within them for more than a fraction of a

solar rotation. Finally, the simulations suggested that crossings of the HCS will persist up to at

least ~70 ° heliographic latitude. The paper has been revised, based on the referee's comments,

and has been accepted for publication. This paper is included in Appendix B.

Publication on Self-Consistent Formation of Prominences

The paper "Magnetohydrodynamic Modeling of Prominence Formation Within a Helmet

Streamer," by J. A. Linker, R. Lionello, Z. Mikir, and T. Amari, has been submitted for

publication in Journal of Geophysical Research. This paper describes the self-consistent

simulation of the formation of prominences in the solar corona. We present a 2D axisymmetric

MHD model to self-consistently describe the formation of a stable prominence that supports

cool, dense material in the lower corona. The upper chromosphere and transition region are

included in the calculation. The prominence is formed by shearing a coronal arcade and

reducing the magnetic flux, to form a magnetic field configuration with a flux-rope topology.

The prominence forms when dense chromospheric material is brought up and condenses in the

corona. The prominence sits at the base of a helmet streamer structure. The dense material is

supported against gravity in the dips of the magnetic field lines in the flux rope. Further

reduction in magnetic flux leads to an eruption of the prominence, ejecting material into the

solar wind. The paper has been revised, based on the referee's comments, and has been

accepted for publication. A copy of this paper is included in Appendix C.

Eruption ot' a Magnetic Field Arcade by Flux Eruption/Cancellation

It is well documented that strongly sheared magnetic fields observed on the photosphere

are often associated with solar activity, some of which results in violent energy release in the

form of coronal mass ejections and solar flares. The modeling of these events involves: (a) the

buildup of the sheared field, (b) the triggering of the release of free energy, and (c) the
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subsequent dynamical events, including energetic plasma motions. We have demonstrated the

energy buildup and release mechanisms by following the dynamic evolution of a magnetic

arcade using 3-D numerical simulation.

The sheared magnetic-field structures in the solar atmosphere can be dynamically formed

in two fundamentally different ways as shown in our previous investigations. A current-

carrying magnetic loop, for example, can be formed by plasma flows on the photosphere with

an initially potential field (Van Hoven et al. 1995). The fluid motions induce an electric current

by twisting the in situ field lines. Alternatively, a current-carrying loop can emerge directly

from underneath the photosphere by breaking through the surface (Mok et al. 1997). The end

results are remarkably similar, provided the physical parameters are comparable. In the present

effort, we chose to build up the sheared magnetic structure by prescribing plasma flows on the

surface at the location where there is initially a potential magnetic arcade field. The flow pattern,

in general, can be arbitrary on the solar surface. However, we have identified two parameter

regimes that lead to fundamentally different consequences in our dynamic model. In the first

case, in which the spatial scale of the flow around the magnetic neutral line is small compared to

the spatial scale of the field, free magnetic energy is built up, and stored, primarily in a small

region along the neutral line. In the second case, the flows and the field have comparable spatial

scales everywhere, and free magnetic energy is built up throughout the structure. The triggering

mechanism to release the magnetic energy in our model is the emergence of a new, potential

arcade field with polarity opposite to the original arcade. This process essentially weakens, and

disrupts, the potential component of the sheared field structure. Since the plasma flows in the

buildup phase are very slow compared to the Alfvrn speed, the sheared arcade is near force-free

MHD equilibrium. The disruption of the potential component could trigger an analog of the

ideal MHD kink instability, one of the most unstable modes often seen in laboratory devices.

In the first parameter regime, we began with two elongated, parallel magnetic poles of

opposite polarity as a potential field structure. A flux-preserving, sheared flow is applied to the

surface in such a way that the flow is highly concentrated along the magnetic neutral line with a

spatial scale much smaller than the dimension of the magnetic poles. The maximum flow speed

at the base is 0.01 of the Alfvrn velocity, and this buildup phase lasts 190 Alfvfn transit times.

At the end of this period, when the flows stop, free magnetic energy is built up primarily along

the neutral line at a relatively low altitude in a highly localized manner. After the buildup, a new

bipole with polarities opposite to the original is slowly emerged from the surface on a time scale

of 100 AlfvEn times. The dynamic evolution is shown in Figure 1. At t = 50 (measured after

the beginning of the new flux emergence), the magnetic structure continues to rise slowly into

the corona. Some of the field lines become helical as a result of reconnection between the new

flux and the existing, strongly sheared flux, whose field lines are nearly parallel to the neutral

line. The instability is triggered at approximately t = 80, when the strength of the new flux

passes a threshold. The structure suddenly explodes upward on an ideal MHD time scale. The

similarity of this eruptive behavior with the MHD kink instability is quite evident. By t = 87,

the end of this simulation, the flux is being ejected out of the corona at a speed exceeding 0.4
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times the Alfv6n velocity. This case is extremely dynamic. We believe that this is a plausible

model for impulsive events such as coronal mass ejections and solar flares.

In the second parameter regime, we applied a surface flow to the same bipole region to

build up magnetic energy. The plasma flows, however, follow the contours of the vertical

component of the magnetic field so that the field lines of the entire region are evenly subjected

to the twisting motions. Free magnetic energy is built up throughout the structure, which

expands slowly into the corona during the process. We were able to store more free energy in

the system at the same value of resistivity, which eventually limits the growth of the electric

current density. However, when the shearing stops and new flux is emerged, as in the last case,

a magnetic tearing mode is excited on the vertical current sheet directly above the neutral line,

resulting in an upward-downward flow pattern away from the X-point. The speed is typically a

few percent of the Alfv6n velocity, and the evolution is on a slower time scale than in the

previous case. This event is not explosive, and might correspond to the small plasma flows

observed in some prominences.

A preliminary version of this work was presented in the paper "Effects on Magnetic

Structures by Disrupting Plasma Flows and Surface Magnetic Fields,' by Y. Mok, J. A. Linker,

and Z. Miki6, at the meeting of the American Astronomical Society/Solar Physics Division, held

in Lake Tahoe, Nevada, June 18-22, 2000. These results are currently being prepared for

publication.
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Eruption of an Arcade Caused by Flux Emergence

(a) t = 50 (b) t = 70

(c) t = 80

(e) t = 85

(d) t = 83

(f) t = 87

Figure 1. A time sequence showing the dynamic evolution of the magnetic field lines of a

highly sheared bipole region when new flux of opposite polarity emerges from underneath the

photosphere. The new flux begins to emerge at t = 0. The sequence corresponds to (a) t = 50,
(b) t = 70, (c) t = 80, (d) t = 83, (e) t = 85 and (f) t = 87. The simulation was run on a mesh of

127 × 79 x 71 points in (x,y,z), with a Lundquist number of S = 5x10 4. The field lines in all six

frames are traced from the same set of footpoints at the base.
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APPENDIX A

"Magnetic Field Topology and Modeling of Loops in Prominences"

R. Lionello, Z. Miki6, J. A. Linker, and T. Amari

Submitted for publication in The Astrophysical Journal Letters
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ABSTRACT

We pre_nt a computational model of the magnetic field lines ill a promi-

nence. We show how the process of flux dispersal and cancellation in a realistic

configuration (:an lead to the formation of a stable flux rope structure. The

flux rope fidfills several theoretical and observational constraints associated with

prominences: twist, shear along the neutral line, and dips. We perform 1D hy-

drodynamic simulations along selected field lines in the final state to show that

the flux rope can SUl)port (:old and dense material that is characteristic of a

prominence.

Subject heading.s: MHI) --- Sml: corona - - Sun: magnetic fields

Sun:pronlinenees

1. Introduction

Prominence_s are formed of material that is hundreds of times cooler and denser than

the surrounding cornna. They are often obserw_d to lie along the neutral line separating

regions of opposite polarity (Priest 1982). Considerable research has been performed in the

past in order to find a favorable background magnetic configuration to support prominences

against gravity (Priest 1982). One possibility is to start from a field generated by a dipole

and apply a shear flow concentrated along the neutral line. which results in an equilibrium

with dipped field lines (Antiochos el al. 1994). The presence of localized heating near the

chromosphere mak_ it possible to form condensations, whose collective appearance is the

prominence (Dahlburg et al. 1998; Antiochos et al. 1999).

Our approach is driven by differenl theoretical considerations, which indicate that a

flux rope is a viable candidate to support the denser and cooler prominence material. A
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flux rope fidfills several of the theoretical and observational requirements such as twist,

shear along the neutral line, and clips [however there are also observations that suggest

the presence of vertical magnetic field in apparent coalra.st to this model (Zircher et al.

1998)]- Amari et al. (1999) have shown how flux dispersal and cancellation in an idealized

sheared arcade field can lead to the formation of a stable flux rope structure. In this work

we show how a similar process leads to the formation of a stable flux rope and we study the

condensation of plasma along the loop's magnetic field lines in this topology. For our model

we are motivated hy observations of a prominence seen on September 23, 1996 (see Fig. 1).

The final conflgvration consists of a twisted magnetic: flux tube embedded in an overlying,

ahnost potential, arcade. We then solve the 1D hydrodynamic equations along the field

lines in this final state in order to show that the flux rope can support the cold and den_

material that is characteristic of a pronfinence. Our work do_ not directly address how

condensations are actually created. One po_sihility is that formation occurs by lifting of

chromospheric material during the dispersal and cam:ellation phase. Siphon flows represent

another possible mechanism (Antioehos et al. 1999)

2. The MHD Model and Simulations

Our approach is ba,sed on two separat_ models. We use a 3D MHD model to obtain

the magnetic structure. Then we solve the 1D hydrodynamic equations along fiehl lines

to obtain the plasma properties and show how the magnetic structure can support a

prominence. Here we describe the 3D MIlD model.

4

2.1. The MHD Model

To model magnetic structures in active regions we solve the following MHD equations

in Cartesian geometry:

v × a = 4_j (1)
C

1 0B
V × E - (2)

c Ot '

vxB
E + - = T/J, (3)

c

O Oi + v-Vv clJ x B + V. (l,pVv). (4)

E and B are respectively the electric and magnetic fields, v is the plasma w_qocity, c the

speed of light, O the resistivity, v the viscosity, p is the plasma density a.ssumed to be

constant. The exclusion of the pressure gradient and gravity from the momentum equation

is justified because the dynamics of an active region is dominated by the strong magnetic

field, i.e. the corona is a low-fl medium (where 3 is the ratio of the plasma and magnetic

pressures). We use a 51 × 51 × 61 nonuniform grid to mesh a cubic domain, -2L < x < 2L,

-2L < y < 2L, 0 < z < 4L, with L = 1.5 × 10 _ Kin. The Lundquist number S is defined

as the ratio of the resistive diffusion time _-R to the Alfv(m time TA. In our model we have

S = 1 × 10 _, which is much lower than the value in the solar corona. This is necessary

to dissipate structures that cannot be resolved since they are smaller than the cell size.

However it doe_ not influence the large _ale dynamics in which we are interested. For the

same reason we choose u such that the ratio of the viscous dissipative time vs. the Alfv6n

time is T_,/TA : 200.
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2.2. Tile Simulation

The MHD simulation can be divided into three main pha_ses. In the first phase of our

simulation we specify a magnetie flux distribution at the base of our domain. It consists

of the superposition of three Gaussian distributions and captures the salient features of

the bipolar region surrounding the prominence of September 23, 1996 (Fig. 1). We do not

attempt to model this region in detail. We are merely ,seeking to model the large-scale

magnetic topology a.s simply as possible. Then we find the corresponding potential magnetie

field for this flux distribution, some representative field lin_ of which are shown in Fig. 2a.

Ill the second phase we apply a velocity shear on the lower boundary surface for a

specified duration, localized along the neutral line and advance Eqs. (3-4) in time. The

fl,rm of the shear is

vb= V x _(z, v)i, (5)

where _ is a specified ,,_:alar function. If we choose E' = t_'(B_),it can be shown that the

flow derived from Eq. (5) preserves the original magnetic flux of the configuration (A,nari

et al. 1996). The corresponding flow consists of two vortices rotating in the same direction

and centered on the opposite polarity regions. The maximum speed of the flow is set to

one hundredth of the Alfvdn speed. The system evolves through a series of force-free,

increasingly sheared equilibria. With this flow pattern we do not intend to model a physical

process by which the prominence is actually formed but we only use it a.s a nlethod to form

such eqlfilibria with a given surfax:e flux distribution. Figure 2b shows some field lines at

the end of the shearing phase.

Finally, in the third phase we reduce the magnetic flux at the photospheric boundary

_.s in Amari et al. (1999). The magnitude of the original magnetic flux decreases by 20%.

Our experience tells us that tile exact change in the flux distribution is not inlportant as

long as the total flux is reduced. It is during this last phase that magnetic reconnection

6

occurs and a flux rope is forlued (Fig. 2c). The flux rope, which is surrounded by an ahnos!

potential arcade, lies along the neutral line. The magnetic field in the flux rope hms dips: we

will show how the eoM and dense lnaterial typical of a prominence can be stored in there.

3. Dips and Condensations

Our philosophy is to separate the calculation in two parts. In the l)revious section we

have obtained the nlagnctic field with the 3D MHD model. In order to see if the lnagnetic

fieht can support a condensatiom we uow proceed to find the plasma properties, p and T,

along _lected field lines with a ID hydrodynamic model. This can be done because the

plasma is low (/ and the perturbation to 13 due to pressure gradients and gravity is small.

We solve the following equations:

Op Op 1 O_o-7+ "_ = -P3 o_,A"' (6)

OT OT _l)TAOsAv_(.,r_l)m , /1 0 _._OT )_[ + v O_ = -('_ " kp (__.l Os An°T ' Os + n¢n_,q(T) - H {7)

Ov Ov lop 1 0 ,[ Ov

Ot+ Os - --o_ - _' +

s is the tengtl_ element along the field line; T, p and p are the pla.snla temperature, pre._sure

and density; k is Boltzmann constant; A(s) = Bo/B(s) is tile expansion factor of the field

line; _ is Spitzer coetficieut for thermal conduction (nil = _0T5/2); 7 = 5/3 is the ratio of

specific heats; Q is the radiation law [see Athay (1986)]; n_ and np are the electron and

proton nund)er density and are equal in our calculation; H = H0 exp(-(r - R.._)/A) is a

paranleterized heating fimction; g, = g - 1_ is the projected gravitational force; rrtp is the

proton lnas.s anti p = mvn v.

According ttl Rosner et al. (1978), in the ca._e of low-lying (constant pressure) loops

there exists a lower limit Ln for the length scale A of an exponentially decaying heating

funt'tion in order to have a sohltion with inaximum temperature in the nfiddle. This limit
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isproportionaltothelengthof the loop L. The presence of gravity does not fundanaentally

change this result (Serio et al. 1981). When A < Ln only a solution with a temperature

mininmm in the middle is possible. The presence of a condensation in the middle can

be thought as splitting the loop in two of length L/2. This effectively decreases LH to

Ln/2 and if A > Lit�2 then the solution with condensation in the middle is stable. Our

choice for all sinmlations is A = 0.05 R;.> H0 is chosen to give a surface energy flux of

l0 n erg cln -2 S 1,

As an initial state we choose an arbitrary temperature profile and calculate tile

corresponding preSSure and density from solving Eq. (8) with v = 0. The temperature

profile is chosen such that the system is not in thermal equilibrium. Equations (6-8) are

advanced to steady state using rigid wall boundary conditions at the ends of the loops (we

have tested the stability of the final states by continuing the simulations with free-flow

conditions (Antiochos et al. 1985; Mok et al. 1991). With these boundary conditions at

s = 0 and s = L a dense aa,d cold chromosphere is formed, next to a transition region with

sharp gradients. In the interior we have a hot, tenuous corona. Two kind of solutions are

possible: with and without condensation. Loops with a height profile as in Fig. 3 (i.e., loops

in the overlying arcade) do not support a condensation. In fact an eventual condensation

forming at the top of the loop would be unstable to the Rayleigh-Taylor instability (dense

material on top of tenuous). The solution is the classical loop solution with temperature

maximum and density minimum at the top. These loops constitute the arcade surrounding

the flux rope. However, when a dip is present in the magnetic field line as in Fig. 4, then

the configuration is able to sustain the condensation. This occurs for the field lines that

belong to the flux rope.

A composite plot of all the simulations performed is presented in Fig. 5. The

temperature and logarithmic dcItsity along the field lines is indicated in a color scale.

8

Condensations al)pear to be a.'_sociated with the dips of the flux ropes and are absent in the

senti-circular loops. The images can be compared with Fig. 1, and lhey show how it is the

superposition of several single condensations that forms the prominence.

4. Conclusions

We have shown how the process of canceling and dispersal of magnetic flux in a

sheared realistic magnetic confignration can lead to the formati(m of a flux rope. Our

sinmlation is intended to model the prominence that was visible_ on September 23, 1996.

Solutions of the hydrodynamic equations with thermal conduction, heating and radiation

h_sses were performed ahmg the field lines of the final state. The), show that the dips in the

magnetic field lines in the flux rope can support the den_ and cold material typical of a

prominence. Arcade-like field lines do not have dips and are therefore incapable of confining

the heavy material against gravity. The supert)osed view of all the condensations appears

as a prominence.

Real filaments have barbs also, which are curved feet connecting the body of the

filament to the chromosphere. _,_,_ plan to use our model with a more realistic magnetic

flux distribution that includes parasitic polarities, which may be able to reproduce barbs.

We have not addressed lhe point of how the prominence is actually formed, either via

evaporation and successive condensation of chromospheric material or through mechanical

lifting of eoM and dense matter during the reconnection phase. In order to investigate, this

i_sue a more sophisticated model is needed, which should include a self-consistent 3D MHD

simulation with an energy equaiion incorporating coronal heating, thermal conduction and

radiation losses. This will be studied in the filture.
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Fig. 1. Hc_ image of tile prominence of September 23, 1996 from the National Solar Ob-

servatory/Sacramento Peak, Sunspot NM (left). Corresponding magnetogram from the Kitt

Peak National Observatory AURA/National Solar Observatory/National Science Foundation

(right).

Fig. 2: Magnetic field lines during the three phases of the simulation: (a) potential field;

(b) localized shearing along tile neutral line; (c) emergence of opposite polarity flux and flux

rope formation, surrounded by an arcade. Underlying is the magnetic flux distribution.

Fig. 3. Height (top), temperature (middle) and density (bottom) profile as a flmction of

the distance along the field line for a configuration that does not dewdop a condensation.

No dip is pre_ent to sustain a stable condensation.

Fig. 4.--- Height (top), temperature (middle) and density (bottom) profile a funetion of

the distance along the field line for a configuration that develops a condensation. The

condensation appears in the dip of the field line.

Fig. 5. Temperature (top row) and density (bottom row) along several field lines and three

different views from left to right. Arcade-like loops do not develop a condensation. Field

lines forming the flux rope show that condensations occur in the dips. The combined view

fornls I he prominence,

-12-
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Short title: MHD MODEL OF THE ItELIOSPHERE

Abstract.

In this study we describe a three-dinwnsional MHD model of tile solar corona and

heliosphere. We split tile modeling region into two distinct parts: the solar corona (1

solar radius. R,, to 30 R_) and the inner heliosphere (30 R, to 5 AU). This combined

model is driven solely by' tile observed line-of-sight photospheric magnetic field and can

thus provide a realistic global picture of the corona and heliosphere for specific time

periods of interest. We use the model to illustrate heliospheric structure during three

different pha._es of thc solar cycle: (1) Caxrington Rotation (CR) 1913 (August 22,

1996 September 18, 1996), which occurred near solar minimum and overlapped the

"Whole Sun Month" campaign: (2) CR 1892 (January 27. 1995 - February 23, 1995),

which occurred during the declining pfia.se of cycle 22 and coincided with the so-called

"Ulysses rapid latitude scan": and (3) CR 1947 (March 7, 1999 - April 4, 1999), which "

occurred approximately 15 months before the predicted maximum of solar cycle 23. We

compare Ulysses and WIND observations with the simulation for CR 1913 and compare

Ulysses observations during its traversal from pole to pole with CR 1892. We find

that the simulations reproduce the overall large-scale features of the observations. We

use the near solar maximum results to speculate on the structure of tile high-latitude

solar wind (hat Ulysses will encounter during its traversal of the southern and northern

solar poles in 2000 and 2001. respectively. In particular, the results suggest that. clue

to tile presence of equatorial coranal holes, the ordered pattern of CIR tilts and their

associated shocks, that was observed during Ulysses initial southward excursion in 1992.

will likely disappear completely o.u Ulys_s moves toward the south pole. We anticipate

that Ulysses will encounter fast streams but will not remain within them for more than

a fraction of a solar rotaton. Finally. ttle simulations suggest that crossings of tile ItCS

will persist up to at lea,st _ 70 ° heliographie latitude.



1. Introduction

Beyond _ 10 solar radii (R_). solar material streams away from tile Sml along

roughly radial trajectories. A combination of temporal variations at the Sun. together

with tile rotation of the Sun. leads to parcels of I)lasma with different plasma and

magnetic properties becoming radially aligned: faster material overtaking slower

material leads to a compression front, while slower material being outrun by faster

material leads to a rarefaction region, or expansion wave [Sarabhai. 1963]. When tile

flow pattern at the Sun does not vary considerably during a solar rotation (such a.s

during solar minimum), the large-scale compressive structures created by the interaction

of these streams are fixed in a frame corotating with the Sun, and they are known as

Corotating Interaction Regions (CIRs) [Smith and Wolfe, 1976]. When the difference in

speed between the slow and f_st streams is sufficiently large, a pair of shocks may form

bt)undiug the Clll [e.g., Pizzo. 19851.

During its initial w)yage out of the ecliptic plane, Ulyssses observed a systematic

tilt to CIR.s [Gosling et al.. 1993. 1995a: Riley et al., 19961. These interaction regions

were observed from January, 1992 to October, 1999, corresponding to the declining

pha.se of solar cycle 22. In the azimuthal (0) plane, their outward normals were tilted

westward (i.e.. into the direction of planetary motion). This was to be expected, e_s the

interaction regions aligned themseh'es roughly along the direction of the Parker spiral.

In the meridional plane (0), their outward normals were tilted toward the heliographic

equator. These results were supported by numerical MHD simulations [Pizzo and

Gosling, 1994] which suggested that these orientations were a natural consequence of

the tilt of the solar magnetic_lipole axis relative to the solar rotation axis. This pattern

of tilts was once again observed during Ulysses" so-called "rapid latitude scan" [Gosling

et al., 1995b] and most recently, a,s Ulysses descended from the northen polar regions

to the equator (during solar minimum and the early/mid ascending phase of cycle 23)

[Gosling ct al., 1997: McComa.s et al., 1998a1.

Previous solar wind models have yielded considerable insight into the dynamical

processes that shape the structure of the heliosphere. The largt_scale, time stationary

structure of the heliosphere under an idealized tilted dipole geometry was studied by

Pizzo [1991. 1994a]. At an inner boundary of 32 R,. a flow pattern was constructed

consisting of slow. dense flow about a heliomagnetie equator that w,xs tilted by a

specified amount relative to the rotational axis. Similar simulations were used by Gosling

and Pizzo [199't] to interpret Ulysses observations at mid-heliographic latitudes, where

it was found that CIR-associated reverse shocks persist to much higher latitudes than

CIR-associated forward shocks. In l)oth cases, the tilted dipole geometry at the inner

boundary strongly drives the position and orientation of the CIRs and their associated

shocks. In particular, under moderately low solar activity conditions. CIRs and shock

outward normals are tilted toward the equator in both hemispheres. Thus, in the

ecliptic plane, a spacecraft samples alternating tilts as it passes through a predominantly

northern hemispheric CIR, and subsequently a predominantly southern hemispheric

CIR..Moreover, the strongest interactions take place away from the ecliptic plane, at

latitudes roughly equal to the tilt of the solar dipole relative to the rotation axis.

Wang and Shcclcy [1990] exploited an empirical relationship between solar wind

speed and coronal flux tube expansion [Levine et al., 1977) to predict solar wind speed

at 1 AU and beyond. They found that coronal flux tubes that expand more slowly

correlate with faster asymptotic speed along that flux tube. Using this relationship,

they predicted the types of wind speed patterns that Ulysses would be expected to see

during its second solar orbit [Wan9 and Sheeley, 1997]. In particular, they predicted

that the ascending phe, se of the solar cycle would be donfinated by recurrent (28-29

clay' periodicity), high speed streams originating from high-latitude extensions of polar

coronal holes. Approaching solar maximum, however, persistent high _speed streams

would disappear, only to be replaced IV low speed wind at all latitudes. Finally. at

solar maximum (or more specifically at the time that the polar field reverses), very fast



episodic polar jets would be generated _.s active region fields migrated toward the solar

poles.

Usmanov et al, [20001 developed an axisymmetrie MHD model of the corona

and inner heliosphere. Their technique relies on outwardly propagating Alfv6n waves

to provide all of the heating and acceleration of the solar wind flow. In reality, it

is likely that a complex combination of thermodynamic processes is necessary to

accurately describe the h_ating and acceleration of the solar wind [Lionello et al., 2000].

Nevertheless. their approach quantitatively reproduces Ulysses' pla,sma and magnetic

field observations during the rapid latitude scan. Since the model is two-dimensional.

no interaction regions are produced. In spite of this. their success suggests that such

an approach in three dimensions might represent an effective compromise between a

complex treatment that includes a transition region and coronal heating mechanisms

[e,g., LioueUo ct air. 2000] and a more limited polytropic approach [e.g.. Riley et al..

2000].

The heliospheric current sheet (HCS) is a global structure in the heliosphere that

separates inwardly and outwardly-directed magnetic field lines. It plays an important

role in the modulation of cosmic rays and energetic particles in the solar wind. Simple

models of the HCS have been constructed that ballistically trace out the inferred

hu'us of the neutral line at the Sun [e.g.. Jokipii and Thomas, 1981]. However. by not

accounting for the deformation of the HCS through the evolution of interaction regions,

these models can at best provide only a qualitative picture of the shape of the HCS.

In contrast, Pizzo [1994b] used an idealized 3-D. steady-state MHD model to simulate

the structure of the HCS out to 30 AU for the tilted-dipole geometries discussed above.

He found that for dipole tilts larger than _ 10 °, noticeable deformation of the HCS

occurred within 5 AU. and by _ 10 AU (where C1R a_ssociated shocks had overtaken

the HCS) significant distortion of the HCS occurred. Pizzo emphe.sized the importance

of the HQ',S as a global structure about which the intera*'tion regions are organized.

The data utilized in this study derives fl'om the Solar Wind ()ver lhe Poles of the

Sun (SWOOI)S) ion sensor [Bame et al., 1992] and the magnetic field investigation

[Balogh et al.. 1992] on board the UI.vsses spacecraft and from the Faraday cup

instrument on board WIND IOgilvic et al.. 1995]. The pla.sma moments produced

from the Ulysses mea.surements have a typical resolution of 4-8 rains while moments

produced from WIND mea.uurements have a resolution of 90 secs. All data presented

here. however, have been averaged over at least 1 hour.

The purpose of this report is two fold. First to introduce an empirically-driven.

time-dependent. 3D resistive MHD model of the corona and heliosphere, To test its

applicability, we make comparisons with WIND and Ulysses observations during a

relatively quiet period of the solar cycle. \Ve use the model to explore how the large-scale

structure of the heliosphere changes over the course of a solar cycle. We then use these

results to make b_sie predictions about the large-scale structure Ulysses may find at

high heliographic latitudes (luring its second orbit at solar maximum. This report is

structured _-s follows. In section 2 we introduce the ba._ic features asld limitations of

the model. In sections 3, 4, and 5, we model the structure of the heliosphere at three

time periods corresponding to solar minimum, the declining phase, and solar maximum

conditions, respectively. In section 6 we explore the variability of the HCS for the

aforementioned time periods. Finally. in section 7 we summarize the results of this

study and speculate on what Ulysses may see when it traverses the poles of the Sun at

solar maximum.

2. Description of the Model

2.1. Equations and Solution Technique

|n recent years, we have developed a 3-D, time-dependent resistive MIlD model to

investigate the structure of the solar corona [e.g.. Mikid el ul., 1999; Linker et al., 1999].



We solve the folklwing system of partial differential equations, in sl)herical coordinates:

V × 13 - 47rj (1)

(.

1 OH
- -V', × E (2)

c- Ot

vxB
E + -- = OJ (3)

E

0p + V-(pv) = 0 (4)
Ot

(_ ) !Jp _+v-Vv = c- xB-Vp+pg*V-(vpVv)
(5)

0p
-- + V. (pv) _- (-, - 1) -pV- v _ 33 (6)
0t

where B is the magnetic field intensity: J is the elet'tric current density: E is the eleetric

field: v is the p _tsma velocity: p is the plasma mass density: p is the gas pressure: g is

the accelerat iml due to gravity :, is the ratio of specific heats: _t is the pla.sma resistivity:

V iS tile k nelnatic viscosity, and b' represents energ3" source terms.

In this stndy, we approximate the energy equation with a simple adiabatic energy

equatic, n (i.e.. S = 0) and choose the polytropic index ('r) to be 1.05 ill the coronal model

and 1.5 in the heliospheric model. The coronal value reflects the ftwt that temperature

does not vary siguificautly in the corona. \Vhile this approximation significantly

simplifies the calculation and reduces the time necessary to complete a simulation, the

resultant plasma paranleters predicted by the model do not show the same degree of

variatiml ms is inferred from in situ and solar observations. In the heliosphere, on the

other hand. a polytrotfie relationship between pressure and density is observed to hold,

with _, _ 1.5 for protons (e.g.. Totten et al. [1995]: Feldman t',t td, [1998]).

The details of the algorithnl used to advance tile *IHD equations are provkled

elsewhere [Mikid and Linker. 1994: and Lionello et al.. 1998]. }tere we briefly make a

few relnarks. In the radial (r) and meridional (0) directions we use a finite-difference

approach. In azimuth (0), the derivatives are calculated pseudo-spectrally. \Ve impose

staggered meshes in r and 0 that flare the effect of preserving x7 - B - 0 to within

round-off errors for the duration of the simulation. The silnulations discussed here were

performed on (r, 8. O) grids ranging from 81 × 81 x 64 to 121 x 121 × 128.

It is convenient to separate tile region between the solar photosphere and the

Earth into two parts. We distinguish between the more complex "coronal" region.

which includes tile region from the photosphere up to 20-30 R,. and the "heliospheric'"

region, which covers the region of space between 30 R, and 1-5 AU. |i'l the latter, the

flow is everywhere supersmlic, gravity can be neglected (although it is included for

completeness), and tile energy equation can be reasonably approximated by a polytropie

relationship. Thus the time step required to advance tile solution in tile heliospherie

model is considerably larger than the time step required for tile coronal solution.

Computationally then, it is more e||ieient to advance the heliospherie portion of the

simulation independently of the coronal time step.

Ultimately. our goal is to use the output of tile coronal solution directly to provide

the inner boundary condition of the heliospheric model. At present, however, the

pl,%qma speed predicted by the polytropic coronal model is ilOt sufficiently high to

drive the heliospfieric model. The recent addition of a more complex thermodynamic

treatment of the energy equation [Lionello et al., 2000] promises to yield more

realistic plasma parameters: however, this refinement is still under development and

requires further validation. Thus both a._ an interim solution, and _s a practical and

eomputationally-inexpensive approach, we have developed a technique for deducing

speed, density, and temperature, ba.sed on the magm_tic topology of the coronal solution

(which is probably the most accurately determined l)rolrerty of the coronal model).



2.2. Modeling the Solar Corona

Coronal calculations are typically performed between 1 R_ (i.e.. tile base of tile

corona) and 20-30 h',. although we have positioned the outer boundary as far away _s

1-2 AU [e.g., Linkcr and Mikid. 1997]. At tile lower boundary, we specie, the radial

component of the magnetic field. B_, based on the observed line-of-sight measurements

of the photospheric magnetic field, and unifnrm, chara_'teristic values for the plasma

density and temperature. An initial estimate of the field and plasma parameters are

found from a potential field umdel and a Parker transonic solar wind solution [Parker,

1963_. respectively. This initial solution is advanced in time until a steady state is

achieved.

2.3. Modeling the Heliosphere

The heliost)heric calculation is initiated using the results of the coronal solution.

To determine tile tinier heliospheric boundary conditions (at r = 30R_), we use the

magnetic field topology of the coronal solution. We assume that within coronal holes

(if,.. away from the boundary between open and closed magnetic field lines) the flow

is fast. At the boundary between open and closed feld lines, the flow is slow. Over a

relatively short distance, we smoothly raise the flow speed to match the fast coronal

hole flow. We specie" the photospheric flow tield as follows,

v_(d) = t',t_. + _ (vf,,, - v,to_,) 1 + tanh (7)\ w //

where d is the minimum distance from an open/closed boundary, measured along the

surface of the photosphere, cr is a measure of how thick the slow flow band is (_ 0.1

radians, or _ 6°), and w is the width over which the flow is raised to coronal hole values

(_ 0.05 radians, or _ 3_). Although this approach is somewhat ad hoc. it is ba_sed on

the commonly held view that slow flow originates from the boundary between open

and closed field lines and fast flow originates in coronal holes. Once this speed map is
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determined in the photosphere, it is mapl)ed outward along field lines to generate the

inner boundary of tile heliospheric model at 30 R,. We emphoMze that this approach

is only a convenient method of generating the inner boundary conditions for tile

heliospheric solution. In reMity, there is significant acceleration of the pla._ma between

the photosphere and upper corona.

In addition to the approximations discussed above, we make the following

assumptions. First. we neglect the effect of pickup ions. which are thought to dominate

the internal energy of the solar wind beynnd 6-10 AU [Axford, 1972]. Thus we limit our

modeling region to < 5 AU. Second. we neglect the effects of differential rotation, wtdch

may play a role in connecting high latitude field lines near the Sun with lower-latitude

interaction regions much further away IFisk, 1996]. We assume that the inner boundary

rotates rigidly with a period of 25.38 days. Third. although the MIID model is

time-dependent, we assume that the flow at the inner boundary is time-stationary.

Thus the flow is _'corotating". so that rotating spatial variations are responsible for the

generation of dynamic phenomena in the solution.

We illustrate this technique in Figure 1 for the time period August 10 to Sel)tember

8. 1996. This interval coincided with the campaign known a.s "Whole Sun Month."

(WSM) occurring just four months after the termination (miniumm) of solar cycle

22. and has been the focus of considerable research (see papers in the special issue of

Journal of Geophysical Research. May. 1999). In panel (a) we have traced coronal field

lines to deduce whether they are open or closed. Regions in which the field lines are

closed are shaded gray. and open field line regions are shaded black. In panel (b). we

have shaded the photosphere according to the algorithm described above. Note that

the cenlrM band. indicated with zero speed, does not contribute to the inner boundary

conditions of the heliospheric model since the field lira's there are all closed. In panel (e)

we shiny the speed profile mapped along field lines to 30 R_. The mapping process has

yielded a relatively complex flow patteH_. In particular, the slow-speed band encircling
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the equator contains significant spatial structure.

Using this recipe, we derive tile flow speed at 30 R,. By imposing momentum flux

balance at the inner radial boundary, we derive the plasma density. Theoretically. there

is little justification for this assumption: however, Ulysses observations suggest that

nmmentum flux is roughly conserved [Riley et al., 1997]. To derive the temperature we

in)pose thermal pressure balance. This is again, an ad hoc a_sumption, however, any

significant pressure gradients woukl be quickly minimized by the flow. To complete the

necessary inputs, we use the radial component of the magnetic field. B,. directly from

the coronal solution.

3. Structure of the Heliosphere at Solar Minimum

To illustrate the structure of the heliosphere during solar minimum conditions, we

have modeled the WSM I time period (August 10 to September 8, 1996). Figure 2

summarizes the large-scale features of the heliosphere using the input flow speed shown

in Figure le. The heliospheric current sheet (inferred from the iso-surface B_ = 0) is

displayed out to 5 AU. A meridional slice of the radial velocity is shown at an arbitraD'

longitude. Blue corresponds to slowest speeds (_ 350 km s -1) and red corresponds

to fastest speeds (_ 750 km s i). Superimposed is a selection of interplanetary

magnetic field lines, as well as the trajectories of the WIND and Ulysses spacecraft

in a corotating frame. The structure portrayed in Figure 2 fits well with the general

picture deduced frmn solar and interplanetary observations during this time period [e.g.,

Riley et al.. 1999: Linker et al., 1999]. In particular, the streamer belt showed little

(< l0 _) inclination relative to the heliographic equator, but was deformed northward

at longitudes of _ 250 - 300 ° (at the Sun) due to the presence of an active region.

Note that in spite of the low inclination of the current sheet, by 4 AU it has developed

considerable structure, including a fold back on itself.

Figure 3 summarizes the plasma and field parameters as viewed ill a meridional
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plane. The left panel shows color contours of radial velocity, the middle panel shows

contours of number density (scaled by r 2. to remove the fall off associated with the

spherical expansion of a constant speed solar wind), and tire right panel shows contours

of gas, or thermal pressure (scaled by r 3 to remove the 1/r fall off associated with the

near adiabatic ('r = 1.5) expansion of the wind, as well as the 1/r 2 fall-elf associated

with the spherical expansion). In each panel, the location of the HCS is marked by the

solid line.

Figure 4 provides a complementary view of the same simulation, showing the

radial velocity, meridional velocity, azimuthal velocity, scaled number density, thermal

pressure, and magnetic field magnitude, at a heliocentric distance of 2.3 AU. In each

panel, the location of the HCS has been overlayed. The trajectory of a spacecraft located

at a fixed point in space would trace a horizontal line frmn right to left in this display.

(;onsider, for example, a hypothetical spacecraft located at 2.3 AU and 30 ° above the

ecliptic plane. From the towleft panel, the spacecraft would sample predominantly fast

solar wind for most of a rotation, with a relatively slow speed drop at _ 90 ° arrd a

relatively fast speed increase at _ 300 _. By comparison with the bottom 3 panels, we

would associate the speed increase with the presence of an interaction region (at + 300 °

longitude) and the speed decrease with the presence of an expansion wave (at _ 60 _

longitude). From the top-middle panel, we deduce that the flow deflections through

the interaction region are first positive and then negative in the meridional plane. In

our coordinate system, a positive meridiunal velocity is equatorward. Thus the riow

is deflected first equatorward and then poleward. These deflections are in the same

sense as those observed by Ulysses out of the ecliptic plane and are consistent with the

outward normal of the interaction region being tilted toward the heliographie equator

(e.g.. Pizzo and Gosling, 19941. Similarly. we deduce from the positive, then negative

flow deflections across the interaction region in the azimuthal plane (top right panel)

that the outward normal to the interaction region is tilted toward the west (i.e.. into the
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direction of planetary motion), or, alternatively, the interaction region is approximately

aligned with the Parker spiral direction.

In Figure 5 we compare 1-hr averaged observations of speed, density, and

temperature by the Ulysses spacecraft (squares) with simulation results (slid curves)

during the WSM interval. At the time, Ulysses was returning to lower latitudes and

wa.s located at _ 28 ° North helingraphic latitude, at a distance of _ 4.3 AU, and on

tile opposite side of the Sun from Earth. Thus the measurements of tile line-of-sight

photospheric magnetic field used to drive the solution were always separated by _ 180 °

from the actual solar wind that Ulysses observed. The profile at Ulysses consisted of a

simple, single stream pattern. The model appears to reproduce the essential features of

the large-scale variations, i.e.. the interaction region and the expansion wave: however.

the interaction region is not as steep as the observations indicate, and the model does

not reproduce fluctnations on scales less than a few days.

In Figure 6 we make an analogous comparison with WIND plasma data. WIND was

located in the ecliptic plane at 1 AU and observed a more complex pattern of variations

that are only partially reproduced by the MHD solution. The simulation predicts two

fast (> 500 km s l) streams, of which only one is obviously found in the observations

(at day 255). The seeond (at day 240) may be related to the fast stream observed on

day 243. although it is considerably broader. There are other minor perturbations in

the modeh however, none of them can be reliably matched with WIND observations.

4. Structure of the Heliosphere during the Declining Phase of

the Solar Cycle

To illustrate the structure of the heliosphere during more active conditions, we

have modeled Carrington rotation (CR) 1892 (day 27 55, 1995), which fell on the late

declining phase ,)f solar cycle 22. In Figure 7 we compare Ulysses pla,sma and magnetic
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field observations during its so called "rapid latitude scan" from September. 1994 (when

it reached its most southern latitude of $80_), to July, 1995 (when it reached its nmst

northern latitude of N80 °) with simulation results. From top to bottom, the panels

compare speed, scaled density, scaled temperature, and the radial component of the

magnetic field. B,. A two-day box-car running average lm._ been applied to B_ to bring

out large-scale variations. Although several rotations of the Sun occurred during this

interval, the most _ rapid traversal though the equator occurred during _ 3 Carrington

rntations (1892-4). During CR 1892. Ulysses moved from -27.6 ° to -6.9 ° and from

1.43 AU to 1.35 :kU. The spacecraft crossed into the northern polar coronal hole on day

87. 1995 [McComas et al. 1998b], _me 32 days after the end of CR 1892. Thus the

comparison between simulation and observations is expm'ted to be most appropriate

during Ulysses' initial immersion into the slow. dense solar wind. Unfortunately, this

crossing of the polar coronal hole boundary was complicated by the passage of a coronal

mass ejection that was embedded within the slow-fast boundary [Gosling et al.. 1995cl.

The CME structure is not included in the present simulations, which as noted earlier.

assume that the flow and field pattern are time-stationary in a corotating frame of

reference.

In spite of these shortcomings, the overall pattern of interaction regions in the

simulation bears a strong resemblance to the observations. Although the majority of

the interaction regions and expansion waves are reprmtuced in the simulations, their

strengths do not match: densities are too high in the interaction regions, yet not low

enough in the rarefactions: speed peaks are not high enough: and temperatures do not

fall enough. Nevertheless, it is quite remarkable that the final interaction region and

northern polar hole crossing are well reproduced almost two rotations after CR 1892.
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5. Structure of the Heliosphere Approaching Solar Maxinmm

As the Sun moves from solar minimum to solar maximum, the assumption that

the flow pattern at the Sun remains constant for an entire solar rotation begins to

break down, CMEs and other transient phenomena play an ever increasing role in

the dynamical evolution of the heliosphere. Nevertheless. we can still speak of a

"rotationally-averaged" picture of the heliosphere during solar maximum conditions.

Titus we restrict our use of solar maximum simulations to describe generic features of

the heliosphere, and use the models to predict what Ulysses may see when it traverses

lhe southern and northern poles in 2000 and 2001, respectively.

Figure 8 shows how the assumed radial veh)city profile in the photosphere maps

into the input conditions for the heliospheric solution. The time period modeled (days

66-94 of 1999) corresponds to CR 1947. Figure 8a shows the velocity profile in the

photosphere, where again, the large expanse of zero speed (purple) corresponds to closed

magnetic field lines and titus does not contribute to the coronal input conditions. Figure

8b shows the input speed profile at 30R,. Comparison of Figure 8 with Figure lb and

lc highlights some striking differences between solar wind flow near the Sun at the

mininmm and maximum of the activity cycle. Wherea_s at solar minimum the slow wind

is confined to a relatively narrow band organized about the equator, at solar maximum

slow solar wind dominates the flow at essentially all heliographie latitudes. This is

in agreement with the conclusions reached by Wang and Sheelcy 11997]. A second

noteworthy point concerns the way features are mapped out from the photosphere to the

upper corona. At solar minimum (Figure 1), there is a fairly straightforward mapping

between the two regions, indicating that the topology of the field lines is relatively

simple. In contrast, at solar maximum, the relationship appears to be more complex.

For example, all of the the source of the fast solar wind eminating from the south pole

at 30 H, maps to a photospheric source that is limited in longitudinal exent. Based on

the photospheric sources of these flows, it is clear that it would be difficult to predict the
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morphology of the flows in the upper corona without a model such as the one described

here.

Figure 9 presents meridional slices of radial velocity, scaled nmnber density, and

scaled thermal pressure for CR 1947. The location of the ttC, S is again superimposed

(solid line). These images may be compared with those in Figure 3. Several differences

are apparent. First. the symmetric picture characteristic of solar minimum is lost at

solar maximum. In the northern hemisphere, for example, we see the interaction of an

isolated high speed stream with slower solar wind ahead of it: an interaction region

develops at the interface, breaded by a forward (ahead) and reverse (behind) wave.

At lower heliographic latitudes, we see the effects of the interaction of medium speed

flow with slower flow. In particular, at _ $30 ° the two strongest mid--latitude streams

(located at _ 0 - 60 ° longitude in Figure 8) are driving an interaction region whose

outward normal is essentially radial. Finally, the interface between stow and fast solar

wind at the southern coronal hole drives an interaction region (just visible at 5 AU and

S6W) whose outward normal is tilted toward the heliographic equator.

Figure 10 shows spherical slices of the three velocity componets (top panels) and

density, thermal pressure, and magnetic field magnitude (bottom panels) for CR 1947.

These images may be compared with those in Figure 4. Note that the heliospheric

current sheet extends up to _ 55 ° latitude in the northern hemisphere and _ ,t0 ° in

the southern hemisphere. As we have noted earlier, the pattern near solar maximum

is much more complex. At, and near, solar minimum, the interaction and rarefaction

regions develop a pattern of opposing tilts in each hemisphere [e.g.. Pizzo and Goslittg,

1994], so that the fronts run from low latitudes in the east to high latitudes in the west

in both hemispheres. In contrast, at solar maximum, any orientation of interac, tion

regions ale possible, as is particularly evident from the color contours of number density

(bottom- left panel) and thermal pressure (bottom-middle panel). Note that the

small-scale peaks in density and pressure in Figures 4 and 10 arise from the limited
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spatial resolution in the calculation. A limited nuurber of higher-resolution simulations

were run to demonstrate that: (1) such features disappear when sufficient resohltion is

present: and (2) the results are not qualitatively affected by the liurited resolution.

6. The HCS at Different Phases of the Solar Cycle

Tile HCS is a convenient feature to illustrate the variability of the hefiosphere

during the solar cycle: being passive, it acts as a tracer for the macroscopic structure

of the heliosphere [e.g., Rih:y _t al., 1996]. In Figure 11. we use tile simulation results

described here to illustrate the evolution of the HCS during the course of a solar cycle.

The first panel shows the HCS near solar minimum. The single fold in the surface maps

ba_k to _ 180 - 270 ° longitude. From Figure 1. it can be seen to correspond to the

northward extension of the slow flow band. Note that this fold is radially _,symmetric.

with its outer edge being sharper than its inner edge. Refering to Figure 1. fast solar

wind at _ 280 ° overtakes slower wind ahead accelerating it and steepening the HCS

profile. Conversely, at the inner edge of the deformation (_ 180 _ longitude in Figure 1),

the HCS is "stretched out" _ faster wind outruns slower wind creating a rarefaction

region. It is likely that this picture will differ from the ones produced by kinematic

models of the HCS. which _.ssome that the speed of the plasma remains constant a.s

the plasma moves out from the Sun [e.g.. Sanderson et al., 19991, In the middle panel,

the HCS during the time of Ulysses' +'rapid latitude scan" is shown. Now two folds

domiuate the t'ICS profile and are ill qualitative agreement with the picture built up by

Smith et al. [1995] b_.sed ou in situ crossings of the HCS by Ulysses+ Finally, we present

the HCS for CR 1947 in the bottom panel. The HCS is again dominated by two folds

that extends up to _ 40 - 55 °. In contrast to solar minimum, however, the folds are

more symmetric, since the wind surrounding it does not have the same large variations

in speedJ
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7. Summary and Discussion

Global MHD models provide a useful contextual basis with which to interpret

coronal and solar wind observations. In this study, we have introduced a 3-D resistive

MHD model of the solar corona and heliosphere, driveu by the observed line-of-sight

photospheric magnetic field. We have illustrated its use by simulating three specific

time periods corresponding to solar minimum, the declining phase of the solar cycle,

and near-solar nmximum conditions. We find that the model reproduces the essential

features of the observations at solar minimum and during tile declining phase.

The near-solar maximum simulations suggest lower, more variable speeds and the

absence of feast streams over a much broader range of heliolatitudes, in agreement with II)S

measurements arid recent Ulysses observations (http://swoops.lanl.gov/recentvu.html).

Our simulatious suggest that the pattern of alternating tilts that dominated Ulysses

observations during its first orbit will likely be lost at solar maxinmm. To produce this

pattern of "alternating tilts", slow solar wind must emanate from lower latitudes than

fast wind. Near solar minimum, this is accomplished because a band of slow solar wiud

is organized about the solar equator. Either a simple tilted- dipole band [l'izzo, 19911

(where the wind is organized about the magnetic equator which is tilted with respect

to tile rotation axis), or a warped hand (where a warped flow is organized about tile

rotation axis) is sufficient to produce a regular pattern of alternating tilts. On the other

hand, when isolated coronal holes (i.e.. regions of faster wind completely encircled by

slower wind) are present, the simple tilted fronts are replaced by more complex shapes.

In the simplest case. a spherical coronal hole at low. or mid-latitudes would produce

a U-shaped interaction region in the solar wind. Depending ou a spacecraft's latitude

relative to the center of the disturbance, it would see a variety of orientations.

Ba.sed on the results presented here (and others not shown), we call make soule

predictions _.s to the nature of the solar wind that Ulysses will encounter during its

crossings of tile polar regions. First. the siurulations suggest that while Ulysses may
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encounterfast(i.e.. _ 750 km s l) streams, it will likely not remain in them for more

than a fraction of a solar rotatiom This is in agreemeut with the predictions made by

Wan.q and Sheelcy [1997]. As discussed above, although the pattern of "alternating tilts"

at Ulysses will likely disappear at low and mid heliographic latitudes, if a polar coronal

hole is present, this pattern may return. Finally. the results suggest that crossings of

the HCS may persist up to _ 70 ° heliographic latitude.
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Figure 1. Figure 1: Derivation of the radial speed profile at 30R,: (a) Locatic, n of

_pen and cltJsed magnetic lield lines in the photosphere: (b) Ratlial speed prolile ba.sed

on equation (7): and (c) Speed profile at 3()R_.

Figure 2. Model solution for CR 1912-1913. The heliospheric current sheet (inferred

fi'om the is<t-surface /3, = 0) is displayed out to 5 AU. The central sphere marks the

inner boundary at 30R:. A meridional slice of the radial velocity is shown at an arbitrary

longitude. Blue corresponds to sh>west speeds (_ 350 km s: _) and red corresponds to

fa.sted speeds (_ 750 km s 1). Superimposed is a selection of interplanetary mag_letic

tield lines originaling from different latitudes. Finally. the trajectories of the WIND and

Ulysses spacecraft are marked,

Figure 3. Larg_scale structure of the heliosphere in the meridional plane for the same

interval as Figure 2. Left panel shows color contours of radial velocity, middle panel

shows contours of number density (scaled by r_). anti right panel shows ecmtcmrs of gas.

or thermal pressure (scaled by r 3) at an arbitrary longitude. In each panel, the location

of the I|('S is marked by the white curve.

Figure 4. From top left. in a clockwise direction: the radial velocity, meridional ve-

locity, azimuthal velocity, sealed number density, thermal pressure, and magnetic field

magnitude, at a heliocentric distance of 2.3 At:. In each panel, a black line marks the

hwaticm of the IICS,

Figure 5. Comparison of Ulysses ir_ situ mea,sorements of speed, density, and tempera-

ture (squares) with simulation results (solid curves) for WSM time peri<>d.

Figure 6. Comparison of WIND in situ measurements of speed, density, and tentperature

(squares) with simulation results (solid curves) for WSM time period.

Figure 7. Comparison of Ulysses observations (blue) and simulation results (red) of

speed, density, and temperature from September. 1994 to ,]uly. 1995.

Figure 8. (a) Speed profile in the photosphere for time period day 66-94. 1999. corre-

spomling to CR 1947. (b) Inferred speed prc_file at 30 I?_,.
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Figure 9. Meridional slices (at an arbitrary longitude) of radial velocity, scaled number

density, and scaled thermal pressure for CR 1947. The white curves mark the location

of tile HCS.

Figure 10, Spherical slices of the three velocity componets (top panels) and density.

thermal pressure, and magnetic field magnitude (bottom panels) for CR 1947,

Figure 11. HCS at the three epochs of the solar cycle described in the text: (a) solar

minimum: (b) the declining pha_se: and (c) approaching solar maximum.
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Magnetohydrodynamic Modeling of Prominence Formation

within a Helmet Streamer

,l. A. Linker. 1 R. Lionello, I Z. Miki('. l, and T. Amari _

Abstract. We lm,sent a 2.5D axisymmelric MHD model to self-consistently

d_.'scribe tile ft_rlnation of a stable prominence that sltpports cool. (l(,nsc, mawrial ill

tilt' lower corona. The upper ('hromost>her_' and transiti(m region are inclndc'd ill the

calculation. I_educmg the inagimtic flux along the neutral line of a shear('d coronal

arcadc forms a magncti(' field configuration with a tlux-rol)e topology Tile prominence

foriiis wh(*n dens(' chromospheric material is brc)llgIilt up amt (,Olld(!tlS( ,'N ill tll(_ corona.

The plomin(,nce sits al the base of a helmet streamer structure. The dense material is

supI>orwd ag;dnst gravity in the dips of the magnetic field lines ill tile flux rope. I-'m-ther

rc(hl('tion ill luagliclic tlllX h'ads to all (,l'/Iptillll el th(' l>rolnill('nce, cjci'ling lllat{'rial into

Ill(' solar wind.

Short title: MAGNETOttYDRODYNAMIC MODELING OF PtlOMINENCES



1. Introduction

pr(iminenees (('ailed filaments when observt_/ on till' solar disk) suppllrt ('cad. dense

chronl(ispheric material (4 l()4K and 10 I° - 10_l/('nr I) a_ainst the solar gravity ill tile

sm'romlding hot. tenuous corona (_ I(i6K and 107 - 109/cma). They are observed to lie

above lllaglwtil" nelltrfll lilies ill the phot(x'_I)here alld iiear tile base of hehnet strealners

(regions of closed magnetic field that have confined the coronal plasma). The magnetic

field in the prominenee often exhibits "ilwerse polarity." meaning that when the eoronal

niagneti(' fields emb(,ddcd ill the l)rominel_ee cross over the neutral line they point ill

the dir(wliiln opposite to tha_: indicated by the photospheric magnetic field polarity.

The prominence magnetic fiehl is itself nearly aligned with the filament cttamlel [Martill

ct al,, 1991: Mar'tin and Echols. 1!)9,1], mdi(.ating a highly shearml (and therefore

magnet ieally energized) eolifiguration.

Prolllillen(o_ have been studied for lllally years, yet the means hy which these

structures form and are maintained is still not m_dersto_xl, nor is their violent eruption.

Thrt'e main diffieulties confront any prospective theory attempting to describe the

form_(tion and evolution of l)rrlminencl,'s: (1) Finding a nlagnetie eonfiguration with

"(tips'" (concave upward portions of fluxtub(_) that can gravitationally support the

dense material: (2) mlderstanding tile mechanism by which chromospheric material is

trapped in the dilll)cd field lines and maintained there to form a e(lndensation: (3)

elucidating tile proeess that leads to tile release of magnetic energy and tile disruption

of these structurt,-,. Bl'cause of the _reat _omplexity of the entire protllem, tiles(" three

individual aspects have typi('ally been approached _,parately.

Mcxtels (if magnetic fiekl configurations fl)r promint'nee support that devehlp

the required clips and inverse p(_larity usually ('ImlllUte force-free magnetic fiehls

aIRl a.%Sllllle tllat the prolllillellee lllatel'ial provides oIlly a small perturbation to tilt'

lnagnt'ti(' stru(.ture Ieg. van Ballcoooijen and Ma*tcns. 1989. 1900; Ant(ethos et al..199L

Aulanicr and Denio*ditt. 199_;: Amart it al, 19991 Given a favoral)le structure for

Suilporling the filanlellt, ctmlllulati(In of till. I'omplicated dynamics anti Ihcrnl(l(lynamics

of condensations have been perft)rnled by aSSllnling that the plasma flows along fixed

inagnetie flux tubes, whil'h reduces the lmflilem to one-dimensional hy(hodynamies with

t'nergy tlansport [Poland and Marzska, 1986: Mok ¢t al. 1990: Antwchos and Klmu:huk

1991: Antioeho.¢ ct al., 1999a].

Mlxh,ls of prominence eruption typically start fronl config.mrations favorable for

t)rominenee support (eg., van, Balle:gootjen and/ilartcns. 1989: Priest and Forbes. 1990;

Is¢_nbeTy! et al., 1993) all(| are (.losely related to the lirobleln of coronal mass ejection

(CME) initiation [Forb(,_ and Priest. 1995: Linkvr and Mikid. 1995: Low, 1997: Mitad

and Linker, 1997: Wu aud Guo. 1997: Ant(ethos el al.. 1999h: Lin a_Jd Forbes. 200(I]. as

these phenomena are linked observationally [Hundhall.sen. 1997 t and require the release

of stored lnagnetie tield energy and the openiI|g of previously closed magnetic fiehl

regions leg. Al_l. 1984: Starrock. 1991: ForN,.s. 1992; Mtkid and Linker. 1994; Antiochos

1998). In re('ent simulations IMlki¢! t:t al. 1999: Amarz ctal. 1999, 20001 we have fom_d

thai InagIielic flllX enlergen('e alld cancellation ill tilt" photoslfllere can lead to the

formation of lnagnetie flux ropes ill sheared or twisted areade configurations. When

the fllLX eaneellation reaches a eritieal threshold, ttle entire eonfiguration erupls with a

(,ollsiiteral)le release of i(lagncti(' ellergy.

The theoretical investigations (teseribed above dee(lul)le tile salient proet,'ssl.'s and

focus on modeling individual asl)(x'ts of till' Iiroblem. This approach is useful for

revealing tile bask. ullderlying physies, ltowevi'r, a eontptet(" l/ieture of prominence

forlliatioIl, evohl|i(lll, alld erllpti(al ultilaately re(lllires a colilprehensive llllxh'l of all (if

the l)ro('(_st_ together. This is parti('ularly true now that different models can more or

less equally dt_('rihe Ill(" basic features (if the observations, albeit somewhat SUlll'rfi('ially.

Eventually. m(xlels will need to produee more detaih'd predictions that eawbe tested

directly bv observati(lns (for exanlple, by prodll('illg simulated elilissioll that can be

compared with images from spaeeeraft su(h as SOHO [a' TRACE}. This challenging



_oal l_t|lil'_,'S that| the eOllllflex t herlllodynallliC pll!ees_es of |ht' ll|lper (_hrolllOSllhere aiR'

transition region be incorporated into lnulti-dimensiona] nlagnetohvdrodynami,' (MHD)

eOlilllllt a| it)llS.

The purpose of this paper is to demonstrate that we can now begin to ,,,tudy the

problenl of prolnilmnee tornlation and eruption with a more eolnprehensiw' approach.

We show that when energy transport lnoe_,'sses are inchlded into calculations similar

to our reeen! ln(_h, ls of prolninence support and eruption, ehronl¢_spheric-like inaterial

can be trapped on helical field lines and lifted into a stable configuration in till, lower

eolona as a result of flux cancellation at the neutral line When fllrther flux cancellation

o('ellrs, the Oil,ire eOllfigllratioll erupts into !he t.(lrOlli4.

Tile plan for the rest of tile paper is a.s follows: In the next section (2). we describe

our cOmlmtational nlethodology. St,ellen 3 dt.'scrilws results for both poll',topic and full

l]terlllodyllalllie SilllUlalions. and seetioll ;1 disellsst_ the implications of (till' work alld

dire(.tiollS for flltlll'e progress.

2. Methodology

L_onello et _d. [1999a: 2001] d(.'seribe the u,_" of our time-dependent '3D MHD mc×lel

tl) colnpllte hehnet streamer eOllfigtlrations ill tilt' sol;tr eorolm that inehlde the lower

solar atnlosphere (upper chroulosphere and transition region) Those calculations form

lhe basis for tile studics discussed ill this tiaper: here we note some ilnporlant details

relevant to the present cah'ulations.

Ill this 1)aper we confine ourselv{> to aZillluthally sylnllletri(', two-dintensional

solutions (with three colnponents of magnetic field and veloeity). Vqe solw., tile following

set of equations in spherical eoordilmtes:

V×B - ,l:rj. (1)
c

1 0B
-V × E, (2)

:' i)t

E_ _v×B : ,IJ, (3)
(.

iJp

a_ -_ v.(/,,,) : 0. (_)

1 (/_)T ) E(V.q+ ...... ,,Q(T)- 11,,,- I1,,- tt_). (5)-,- 1 \ill _ v. VT = -TV.v- kp

{ Ov ) lPki)t +v'Vv = cJ ×B-Vp+pg*V'(u;ATv) (6)

where B ix the magnetic field. J is tile eh'('trie current density. E is the ele('llic field.

p. v. p. and T are tile pla.snla lll_ts_ density, velocity, tnessure, and leml)erature.

g : -.qf,_'H_e/r e is the gravitational acceleration (with /_, tilt, solar radius). I/ tile

resistivit?,', and u is tile kinelnatie viseosity hi till' energy equation. Eq (5). Q(T) is the

(optically thin) ladiation loss function as in Athav [1986}. n, and n, are tile electron

alld t)l'Ot{_ll mlmber density (which art? eqlml for a hv(lrogell plasma). 2' = 5/3 is the

polytrollie index. I1_, is the coronal heating ternl (a pax'ameterized flulction). 1I,, = rl.l e

and ll_ = pl/VV : %'v are tile ohmie and viscous heating terms (neglected in tht_e

sinmlations), and q is the heat flux.

Coronal heatillg is specified as a IlOllllnifolIn profile that varies exI)ollentially

with radial distance, and both tilt' heat detJc'/sition length scale (A) and flux vary with

latitude Tilt" length scale varies from k = 07 Rs- at the poles to A : 0.1 Hs at tilt'

(+qlli/tor, and the heat flux at r = Hs is Ill" erg cm a s I at tile poles +tltd .5 × I0 _ el'g

cmz s i at tile eqtlator. Tlu_e paranu'ters have been chosen to yield the strollgly

t'olWelltralt'd ]waling and higher dellsilies seen in active regions ne;u till" eqllator of the

silnulation whih' also providing lit{" there distributed heating presell, ill coronal holes in

tilt" open fieht portions of the simulation. Liom Uo _t el. [2001] desclibes fulther details

of the coronal heating I_aralneters and the use of both collisional (Spitzer's law) and

eollisionless [ltollwcg. 1978] therlnal conduction a.s a fllll('tioll of radial distance fl'onl till,

Sill,. For the i'(_ulls shown ill this paper, we have modified the Spitzer law to reduce the

sle_,t)neNs 0t" the tellll)eratlll'e and dellsitv gradiellls ill the lowest part of the trallsitioll



region (s(_p tile Appendix h_r a more detailed discu_qion). Vv'e have hmnd that this

l)rot'edure allows t'oarser mesh(.'s to t)e used and yMds sohltiolls that are qualitatively

similar to those obtained with lilt, fldl Spitzer tlwrmal conductivity.

The (.al(.ulation d(,'-s('rihed here has t)et'n performed on a 201 x 201 nonuniform

(r. 0) grid. with lhe m(,'sh pot,its highly von('enlrated in the equatorial region near lhe

lower bomtdary. A mt,'sh with At' ,._ 6 x 10-4H, in the upper ehrom_phere (near the

lower radial boundary) and A0 _ 0.2 ° near the equator is used. Other calculations

with 121 x 101 Itlesh points, with coarser mesh resolution, were also performed prior

to this ealealatioll ilI order to scope out the parameters and find a regime ill which a

prolllillence was formed. The r(.'sults with the higher-resolution mesh allowed tin to use

a lm'ger Imndquist mnaber, and we report only these results here. This simulation used

_90 hours of CPU time on a Cray T90 supercomputer, mid we did not deem it necessary

to pursue calculations with higher mesh resolution considering the limitations on our

computing resources. We believe that increasing the resolution I)eyond that used in the

present eah'ulation would not change the results significantly. However, when we begin

modeling more realistic prominences in the fltture we will verify that a fitrther increase

in the spatial resolution dt_'s not change the results.

The simulation domain extends out to 30H, At this upper bom_dary tile flow

is sutmrsonic and super-Alfv6nic, and we imph,ment boundary conditions that utilize

the cha,'aeteristics to allow only outgoing waves there {Linker and Mikid. 1997 l,

A uniform resistivity *1 has I)een used, corresponding to a resistiw' dittusion time

ru _ 47rl?f/(TI t_) - 4 × 10 _ hours (for a length scale of R,). Underneath the relaxed

hehnet streamer, the Alfv('n spc_:d title) near the equator at 10. 000- 20. 000 km altitude

is about 1830 kin/s, st) the AID6n traw'l time (r_ - H_/l/_atd is 6.3 minut(,'s, and the

Lundquisl lmlnber rl_/ra _ 3.8 × 10 _. A mfiform viscosity v is also used, ('orresl)onding

to a viscous ditfusion tinle % Hf/IJ such that r,,/ra - 3.8 ×ll) a. Typieatly. we

find that nmeh higher wdues of r_ can I)e specified for our algorithm if % is kept at a

relatively smaller value.

The method of solution of (1-6) has I)cen described previously {Mikid" and Linker.

199£ Linker and MikiL 1997: L_om'llo ct al. 1999b: Linker et al. 1999: Mikid tt

al. 1999]. For the parameter regime of the calculations we descril)e here. stiffnes,; of the

equations is introduced by the comhination of both the high Alfvdn speed and thermal

¢'ondllclion ill the traIIsilion region and lower corona, and tilt, USe of small nlesh cells

in this region to capture the st(x'p b,q'adients in density and temperature there. Tile

stiffness introduced in the time-inlegration of the equations by the Alfv(,n speed is

treated efficiently using a semi implicit method [Mikid and Link(r. 1994]. The accuracy

of the semi-implicit method has been studied previously [Schnack ctal., 1987: Mil,_:

et aL. 1988]. and it is knowI_ that when tile time step falls below the CFL limit, the

semi-implicit method is identical to an explicit method. The stiffness introduced by the

p;trabolie eqnalions resulting from the therntal conduction, resistivity, and viscosity, are

treated using standard fully-implicit mcth(xts.

3. Results

Amar_ ct al. [1999: 2{RD] have deseriltt+l how nmgnetic flux changes at the

t)hotosphere, when intrculuced into a three-dimensional sheared arcade field, can yMd

sohttions with stable magnetic flux ropes suitable for pronlinenee SUpllort- and how

fm'ther magneti(" flux ('hang(_ can lead lo nmgnetic energy release and eruption. These

calculations were performed in the "'zero beta" limit of equations {l-(i): equations (1-3)

and (5) arc solved with t' - 0 and a fixed profih, a,s,sumed for p {vquilibria t(mnd in

this manner are f.rce-free solutiniLs). Miki:: arid Linker [1999] have shown lhat when

the same procedure is applied to polytropie MHD solutions with hehnet streamer

eonfigurations {solutions of equations (1-6) with the energy source terms in (5) set to

zero and "y 1 05]. the streamer disl upts and material is ejected out into the solar wind.

Figure 1 shows the eruption of a flux rope in a three-dinmnsional eal('ulation of this kind.



Adelaih,d(h.'scriptionoftheseresultsmpresentlyillpreparation.Herewf'describe
howtheinclusionofprocessesintilt.lowersolaratmospheremthesecalculations[full
solutionsofequations(1-6)]leadstotheformationofaprominence-likestructureand
itsslll)se(tl,en[eruption.

3.1,HehnetStreamerSolution

In the first phase of the calculation, we ge,wrate a hehnet streamer equilibrimn fe.g..

Linker and Mlkld. 1995/. We start with a potenlial magnetic field in the corona that

lnatt'hes a specified distritmtion of radial magnetic field at the solar surface B,0 The

distribution we cho(_'_e is the sum of a weak dipole field (]]roalp = 2.2G at the poles).

and a stronger (/:_ob,lp = 9.5G) co,wen, rated bipole near the neutral line. For simplicity

we choose a ('enlist,ration that is sylnmctric ill latitude about the solar equator (),It

intent in im'luding tile strong hipole is to model ,'he large-scale effect of the fiehl in

an active region (where proln.inene(. _., frequently filrm). Tile eq,latorial positinn of the

bipole al the equator is not very realistic for prominellces, but is convenient for the

illustrative tmrposes of this calculation. We plaee our lower boundary at tile top of _he

chromr_SlflH:re, and we impose a fixed temt)erature Tu = 20.00()K and a plasnm number

density n = *tn -- tl_ -- 1(11%,n a. \Ve impose a spherically synmletrie solar wind soh,tion.

which inchtth_ the upper ehromosl_here and the trot,sit,on region and is consisten|

wilh tile chosen ]lollndary valln_ fi)r temperature and density. This conlbination is not

initially at equilibrium. We integrate the time-dependent MHD equations in lime until

the solution settles down to all equilil)rium (for 380r A, where ra is Ill(, Alfvt'.n time

descril)ed in section 2). The final stale models the coronal pla.,,ma, and inthah,'s tile

transition region in the calculation. This proe(_ture ha.s been described by Limwllo et

al. [2001] The final solulion has a coronal streamer with closed feld lines, surrounded

bv open field lines along which tit(' _lat" wind flows outward. Figure 1 of Linker and

Mz_,! [1995] shows at, example of tile magnetic ('onfigqlration of a 2D hehnet streamer
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using a polyl,opic energy equation; Figure 1 attd Figure 3 of LmTtcllo ctal. {2001] show

examl_h.'s of a helltlet streamer configln'alion ('onllalted wilh 1hernlodvnalllit.s.

3.2. An Energized Hehnet Streamer

It, the second phase of the simulation, we apply a shear flow near the neutral line

that builds free magnetic energy int(i the sit'coiner. This shear flow ix not intended to

model actual fows on tit(, Sun. It ix just a convenient mechanism re1 producin.g strongly

sheared field lines that are nem'lv aligned will, the neutral line. a frequently observed

characteristic of filaments [Martin and EchoLs, 1994]. We use a shear profile that is like

tilt. one used hy Mtkid and Linker {1994]. with a width A0,, -- 8.5 °. The shear is applied

from t - 380ra to t = 570ra. with a maximum velocity v0 = 0.0051q_. Figure 2a and 3a

show contours of tilt, flux rime, ion (projections of tile magnetic field lines) superimposed

on tit(' plasnm density (Figure 2at and pla.sma temperature (Figure 3a). at the end of

tilt, shearing phase. Tilt" niaxitnuni (lisplaeenu,nt of the f{mtl)oints from their original

position is 0.SR,. attd the sheared field ha.s a magnetic energy equal to 2.311_,,,. Tile

calculation is then continued in a rehaxation phase to t -" 589ra.

3.3. Creation of a Magnetic Flux Rope and Subsequent Eruption

In tile final phase of the calculalion, we ehange the magnetic flux at the bomldary

to generate a flux rope. On the Sun it is frequently observed that the ntagnetic fields

ill an active region lend to disperse days to weeks after its emergence. During this

time. filaments are frettuetltly observed to form along the neutral line. At timt.,s, these

filalllents disappear, l)reSlllnably due to el'Ill)lion, ant] Inay ex.'en reforlll ill tilt, sortie

location later. This (lispersal of magnetic flux ix thought to occur on a stnall spatial st'oh'

by annihilation attd subnlergence of lnagneti(' dipole elements, and has been modeled as

a eonve('tive-diffusive proeess on a large scale [ Wang et al.. 1989: Waw and Sheeley.

199(I}. The disappearance of phott_stthetic magnetic flux has long been suspc('wd of
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playingaroleinfilalnentformation and eruption ira n 13 dl(gooOc nan, d Martcus. 19_;9].

We inodel the efteel of such changes I)y reducing the magnetic flux ill tilt' I)ipolar flux

region The electrie fields that speci[y this change (dt's,'cribed below) inlply converging

flows at tilt' neutral line. as is believed to oe('ur in flux cancellation. \_/e find that tile

reduetion ill nlagnetic flux can (,l'eate a filament, and that farther reduction ill flllx ean

make it erupl, as illustrated below.

Tilt" boundary (.onditiolls for flux reduction are essent ally the same as those

dt_tribed bv Amari et al /20001. The change in flux is applied by specifying the

appropriate electric fields at tilt' boul dary. For exanlt )le. when we seek stea_ly-state

solutiolls of eqs. (1-6). we set tile tangt'nti_d eomponellt of the ele_'tric field at the

boundary. (El0), It) zero. This keeps i_0 (tilt" radial magnetic field at tile solar

t)o llldarv) fixed in lime. Ill order I(5 sl)eeify a desired change in lhe lllaglletie flux. we

specify a iloll-zero Et(i that is i.onsistellt with tile reqnired _)ll_ll/Ot. Reduction of l],0 is

e(lui.¢al_,nl to ean¢.ellation o{ fl/Ix at the neutral lille, and leads It5 tile [orlaatioll of a flux

rope iAm al"i ct tll. 2000'i

To eompute tile eh,ctrie field rexluired to drive a specific flux change, we note that

in general• Etu can 15e expressed as %' × 1,',r; + Vt4 _, where _.' and _ are arbitrary functions

(of 0 anl'l o) and %'t indicates transverse derivativ_ (in tile 0 - 0 plane at r = Hs). The

potential (/_ ehaltg(_, Ew without ehanging ]_a. and can be used It5 control tile transverse

magnetie field (i.e.. tile shear atld tile llorlnal eIectri(current), whereas the t)ot enlial

t' changes tile flux. For tile simulation presented in this t)aper we used q) == 0, which

miuimize_s changt_ to IJo. Then (._7_, = Dl_o/i)t, which can be solved for _' for tilt' ttux

ehauge speeitied by Ol_o/i)l.

For lhe ease presented here. we apply tilt" apt/rop riate eleetrie field Em al tilt" lower

boundary, a.s cak,ulaled al)ove, lo reduce the bipole portion of the flux distril)ution

B,.obip bv 15 t7_ (while leaving the dipole portion B_0atp undisturbtwl), from t = 589%a

to 6(15z.l. Figure 2 shows tile resulting evolution of tilt" pla.snla density alld projl_'ted
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magnetie field lines (for a portion of tile simulation); Figure 3 shows tilt" corresponding

evohltion of the plasma tellll)eralure' At I = 608r,a when like flux has ])Ceil redueed by

3 75_/_ (Figure 2b and 3t)). a flux rope eontaining cold dense chromospheric material

(T = 2 x 104 and 7_ > 101°) has been lifted into the eorona to form a prolninence-like

structure (barely visible near tile lower t)t u ldarv at tile equator), hi a detailed analysis

of x,eetor maglll, tograph and Ha obseiwations of all enlergillg ¢_-sunst)°t group, L_te,s (?t

al. 11995I suggested 11181 a twisted magnetic loop emerged {roul I/elow lhe photosphere,

earr'¢ing with it dense material that formed a filament. The filament-formation

lllet,'haniSlll we de,_'ribe is eonsistenl with lhese ob_rvations. This is in contrast to tile

idea of sil)h on flows leading to the develol )Inenl of a eondensatioll Ie.g - ATit_ocho,_ ('_ tH..

1999a1, which eallllOt tse(!ur here tseeaUSe tile flux lope field lines do llOt (7Olllleet tO tile

sul-_at'e.

At I = 616rA shown in Figure 2(' aud 3( (flux redu/.tion at 11.25_) tilt" prominence

has already begun to erupt. It has been lifted lo a height of 0.2H_ (140.000 kin) and is

slowly moving upward. By t = 684r4 (19ra after thlx reduction was haltl'd) tilt" ftux

rope and helmet streamer aye eruI/ting (Figures 2d and 3d). and the entire eonfiguration

is opened and material is carried upward (Figur(,'s 2el and 3ef).

There is a threshold of flux redut'tion far the erut)tilm to occur. To demonstrate

this behavior, we performed another case where flux reductioll is halted at t = 608rA

(= '3.75_ of the initial auloUllt ). "_'heil tilt' calculation is (•ontilnlc_Tl from that point, lio

erut)lioi1 oecllrs and the [irlx rope colltainillg ehrolllospherie luaterial relaxes It) a sial)k"

state. Figule 4 shows a eloseup of this eolltigul'atiolt alter it has relaxed for 19rA. On

the left art' shown projected field lines overlaid on ttle plasma density (Figure 4a) and

temperature (Figllre 4b). Note tilt" pr_,'senee of high density and low tempera_ure on the

detached flux surfaceS. On the right, field lines from tile calculation are plotted with till'

color along the field line iildieatiug the density (Figure 4c} and teml lerature (Figure 4d).

(_tx)l and dellse material ill tile prominence is supt)o tied against gravity ill tilt' dips of



13

the field lines of the flux rope 3he height of tile smmlated prominence is about 15,000

kin. As the calculation is contimmd fltrther, the flux rope slowly diffuses because of the

pn_ence of finite resistivity.

If flux reduction is halted at a h'vel of 7 5_X of the initial amount and the calculation

is (.mltinued, the flux rope and hehnet streamer erupt in a manner similar to the case

shown in Figure 2-3. Vv'e have found that the exact level of flux reductiou nect,,ssary fi)r

eruption in a given configuration depends on the details of the surface flax distribution

and the amount of shear introduced. Prior to reaching the critical level, the behavior of

the system is quasistatie.

Figure 5 shows the prominenee height as a flmetion of time during the eruptive

phase The eruption that was produced in this case was not very fast (reaching _ 40km/s

at 2H_). although it ix still accelerating at lids stage This is in contrast to some of the

polytmpie simulations we have run with this meelianism (speeds > 500kin/s). A more

concentrated shear and a larger initial magnetic field strength (enabling release of more

lllaglletie ellergy) may be required to create a fast nl`ass ejection COlltaillillg a fllalnellt.

4. Discussion

Tile pos, dbility that prominences are SUpllorted by magnetic flux ropes has been

considerl_l in r(,eenl years by a mmd)er of authors Ie.g. van Ballegooije n and MarteT_,_.

1989: 1990: Ru_st and h"amar. 1994: Chen. 1996. Aulamer and Demouhn. 1998]. Our

recent work lAmar_ ctal. 1999: 20(X)] and the results we have presented here are similar

in many respects to the force-flee (alculations of van Balleqoo_jen and ItlarteTJs l1989]-

which showed how flux cancellation could lead to the formation of flux roptm. Th("

(,omputations we have &,,scribed here show that when the full MHD equations are used.

in('ht(ling an chert' equation that takes into aceounl energy transport in the upper

chromosphere and transition region, chromospheric material can be lifted by the helieal

field lines anti sUlll)ortcd against gravity inside a helmet streamer. Tilt: flux rope call
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subu'quently be ejected into the solar wind as a consequence of eruption.

The idealized (,aleulations prt,senled here are intended to ilhtstrate that it is possible

I(1 perform self-vonsistent MHD calculations of prominences. Clearly, a 2D axisynmwtrie

model has limited at)l 1 eabilitv to solar observations. In this g('ometry the helical fiehl

lines of the flux rope form a torus around the Sun. The eonlax'tioll of tilt' nlagnetie

fields embedded in the prominence to the photosphere, and the l)ossible ,'ole t)f sit)hen

flows in fining/draining tilt' prominence, ix an important question not address('d by this

eah'ulation. Preliminary on(_di mensi°nal solutiolLs fol energy flow along the magnetic

field loops from a three-dimensional flax*rope configuration indicate |hat eondensati(ms

(1o indeed fi)rm, lint a fully self-eonsis|ent 3D simulation is required 1o investigate this

question more eonq)letely. \Ve haw" perforlne(l 3D simulations of flux-rope fornlatioll ill

l_olytropic hehnet streamers (Figure 1). and we intend to extend the pre_ent results It)

aD ,as well.

Once the siltmlatiolls beeollle flY,ore realistic, it will lie necessary to explain the

many detailed featun,'s thal have tleen observe(t in prominences [e.g. Martin ctal.

1994]. For example, what are the implications of the observed relationship between the

filament _Lxial field and the skew t)f coronal arcades [Martin and McAlltster. 1996]. and

the relationship between difl'erential ._lar rotation and the axial fiehl in t)olar frown

filaments Ivan Ballegoo_jen et al. 1998]? Do th(,'se considerations imply that the axial

fiehl originates from below the photosphere IP_¢st et al. 199617 Magnetic flux ropes

art' not the only (.andi(lat(,'s f_)r explaining prolninenee SUl)p oft IMartin and Echols.

1994: Antiochos (t al. 199-1] and eruptioli IAnti"ehos ef al. 1999b]. Understanding tile

pre-eruptive slate of filaments, as well as their vioh'nt eruption, requires i,ah'ulations

that can lnediet observallle quantities. We vonsid('r the eah.ulations we have pr(..sented

here ,as a first step of that t)roeess.
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Appendix: Modified Thermal Conduction

In dw lowm transiti(m region, there is a eh_e babmce between thermally (,onducted

heat [_Y'q ill equation (5)/ confinp, fi'oni tile hot. tmmons corona and the energy radiated

away (n,_leQ(T) in (5)] by the ambient dense cold material. In this collisional regime.

the Spitzer form of the thermal conductivity is appropriate:

q _ _,_llf_6. VT. (All

whew t,_, hfl ';/_ (hc_ - 9 × 107 in c.g.s, units). I_ is the unit vector along the magnetic

field, and 7' is the temperature m K.

'1"h1' steel)lW.qs el till' lelnl)erature ill the transition region arisl.'s [[Cllll the balance

of tonduetive heat flux [IOlli [lie corona and radiative h_;ses in the transition region.

The temperature dependence of rite Spitzer thermal conductivily (t(ll x T;/2/ forms the

steept.'s! tempelature gradient in tile lower tlannition region. Lmnello ct al. i2(X)li usual

highly resolved nwshes (At _ 8 x 10 "H_. or 56 kin) to capture this gradiem. It seems

that an artifi) ial broadening of this gradient should be pos_ibh" wit|mu! qualitatively

changing _he overall solution. With this goal ill mind. we have formulated h'iI in such a

way as to _he preserve lhe essential physics of the Spitzer model for the upper nansition

region and corona, whih' reducing the steepness of tile gradient ill the lower part el the

t)-ansit loll reg, ioll:

whel'e

(r - r.,,,,,_
s(T) = 12(l+tanh\--AT_,:,- t ,j" (Aa)

The fun(lion .q varies smoothly between 0 and 1 and regulates the transition from I'll{'

Spitzer regilllp Of N) i (whell r Z T,,,,d). and tile modified regime (when T _ T,,,,,,l).

In dw m_,lified regime, which aplflies to the lower tlansilion region. _'li x T". aud

lb

lhe (t power is 0 < _ _ 5/2. 'Fill' transiliolt belwe'.'ll the two regillles iweurs ill a

telnpelalllre interval dependiltg on z__7;.,,d. Fell till" simlllation results presellted hele.

we chose a - 0 (corresponding to coltMallt htl fl,r 7" < T)tnod), Tn,,.l = 2_}, 000 K. and

AT;,,,,d 20. (lO(}K.

This formulatiou maD,'s KII higher than tilt' Spilzer value in the lower transition

region, allowing therulal t.ondlletion to balance radiation loss with a smaller telllperaltlre

gradient. We have found that this modified form of tile thermal conduction yMds

s()lutions thai are qualilaliw'ly similar It) those obtained with lhe full Spitzcr thellnal

c(m(hlctivity, and we were al)h. It) in(,rease lhe radial grid size in the h)xw'r tlansition

region by almost an order of magnitude ovl'r that used in Llonclh) _t al. [20{11 i,

Quantitatively. the temperature of sohttions on individual loops matches closely in the

rorona, aldlongh ditferences in the density can be as large *_ a factor -f two di|fel'ent.

\Ve regard the modified thermal eonduelion as a useiul tool for expl_)ring, the qualitative

properties of _)lulions without _lsing extremely fine mesh_,
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Figure1. Simulatederuption(_famagneticfluxropeoiltheSun.(a)Athree-
dimensionalflaxlopeformedbyl'edtleil,,ethe nlaglletie flux in a sheared arcade, ('qJljtl)ltt(,d

with the polytropie model (see text). The flux rope lies within a helmet streamer th_ll

is sllrrollllded 1)y opell nlaglleiic field fines ahmg which the solar v¢ind streanls outward.

"When the amount of magnetic flux dt_'rease is small euotlgh, tile flux rope is stable.

(b)-(d) Further reduction of tile photospheric magnetic field leads to tile eruption of tile

flllX rope.

Figure 2. The evohltion of tile pla.,qna density and Inagnetie field in a thermodynaniic

MIlD model(see text). Tile plasma density is depicted in color, and l)rojeetions of tile

magnetic field lines are overlaid oil tile dpllsity. (Corresponding plots of the temperature

can be seen in Figuw 3.) A elt`rst, up of the lower part of the simulation domain near the

equator is shown. (a) Tile helmet streamer configuration at tile end of the shearing phase.

(b) The str_'aln,,'r after the magnetic flux has been redu('txl (reduction of 3.75t_ of the

imIial interior bitmle ). A low-lying filament structure has formed ;rod is just diseernibh,

near the lower bomldary (set, Figure 4 for a zoomed view). (c) The filaulent is now at a

height of 140.(X)0 km and is moving upward slowly. Tile ellhanced deiLnity can be seen to

lie near Ill(: ira(loin of tilt.- detached flux s(irfact,'s. Flux reduction (at ll.25tX) is beyond

the critical threshold for t'ruption (see text). (d) the eruptive phase has started, and

dense nlaterial in carried upward into the corolla, shoven ill (e) and (f).

Figure 3. The same as Figllre 2. eXeel)t that the evohltioll of the plasma tenlperatllre

and magnetic field are depicted. Ttle higil density material shown ill Figuw 2 is also very

cold.
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Figure 4. A zoomed view of the of the lmmlinence-liko Sllllctllrc whon flux reduction

is halted at a level of 3.75_ (/ (_()8r.t. Fi_-,qm_ 2b and 3h) and tit(" calculation is

etmtinued (st,(, text), allowing a stable flux rope to flare. The plasma density (a) alld

telnpt'rature (b) ale shown /og('ther with projetqions of thp lnagnetic field lines a,_ in

Figures 2-:1. Tracings of tilt" magnetic fiehl lines, colored by temperature (el and densily

(d) are shown. The helical field lines supl_l_rt cohl (Y _ 2 x 10 '1K) and dense (zl _ 101°)

materi;tl against gravity.

Figure 5. The llromim,nce height as time(ion of tinle for Ill(, eruptive phase of the

cal(ulation (frames b-f of Figures 2-3).
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